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rhodochrous EP4 on 4-ethylphenol and applied genomic and transcriptomic approaches to 23 elucidate alkylphenol catabolism in EP4 and Rhodococcus jostii RHA1. RNA-Seq and RT-qPCR 24 revealed a pathway encoded by the aphABCDEFGHIQRS genes that degrades 4-ethylphenol via 25 the meta-cleavage of 4-ethylcatechol. This process was initiated by a two-component 26 alkylphenol hydroxylase, encoded by the aphAB genes, which were up-regulated ~3,000-fold. 27
Purified AphAB from EP4 had highest specific activity for 4-ethylphenol and 4-propylphenol 28 (~2000 U/mg) but did not detectably transform phenol. Nevertheless, a ΔaphA mutant in RHA1 29 grew on 4-ethylphenol by compensatory up-regulation of phenol hydroxylase genes (pheA1-3). 30
Deletion of aphC, encoding an extradiol dioxygenase, prevented growth on 4-alkylphenols but 31 not phenol. Disruption of pcaL in the β-ketoadipate pathway prevented growth on phenol but not 32 4-alkylphenols. Thus, 4-ethylphenol and 4-propylphenol are catabolized exclusively via meta-33 cleavage in rhodococci while phenol is subject to ortho-cleavage. Putative genomic islands 34 encoding aph genes were identified in EP4 and several other rhodococci. Overall, this study 35 identifies a 4-alkylphenol pathway in rhodococci, demonstrates key enzymes involved, and 36 presents evidence that the pathway is encoded in a genomic island. These advances are of 37 particular importance for wide-ranging industrial applications of rhodococci, including 38 upgrading of lignocellulose biomass. 39 Introduction 8 were obtained by plating on homologous medium solidified with 1.5% purified agar. Colonies 141 appeared in 10 days. Individual colonies were transferred to liquid media and replated on solid 142 media for colony isolation. Rhodococcus rhodochrous strain DSM43241 was purchased from 143 DSMZ (Braunschweig, Germany). 144 EP4 and RHA1 cultures for RNA extraction were grown overnight at 30°C on LB broth (200 145 rpm), diluted to 0.05 OD600 and washed thrice in M9 with no supplement, and grown to mid-log 146 phase on 50 ml M9-Goodies with 1.0 mM 4-ethylphenol or succinate. EP4 was additionally 147 grown on 1.0 mM benzoate (99%, Sigma-Aldrich). Additional screening of EP4, R. rhodochrous 148 DSM43241, RHA1, and mutant strains used 5 ml M9-Goodies with 1.0 mM phenol (≥99%, 149 VWR International, Ltd., Mississauga, Canada), 3-methylphenol (m-cresol; 99% Sigma-150 Aldrich), 4-methylphenol (99% Sigma-Aldrich), 4-propylphenol (>99%, TCI), 3,4-151 dimethylphenol (DMP) (99% Sigma-Aldrich), 2,4-DMP (98% Sigma-Aldrich), 4-152 hydroxyphenylacetate (HPA) (98% Sigma-Aldrich), 4-hydroxybenzioic acid (HBA) (99% 153 Sigma-Aldrich), or 0.5 mM 4-nitrophenol (NP) (≥99%, Sigma-Aldrich), incubated for 24 h. 154 Cells were lysed by boiling in 1M NaOH and protein quantified using the Micro BCA™ Protein 155 Assay (Thermo-Fisher Scientific Inc., Waltham, U.S.A.) and a VersaMax™ microplate reader 156 (Molecular Devices LLC, San Jose, U.S.A.).
9
in Supplementary Table 1 . The nucleotide sequence of the cloned genes was verified. The ΔaphA 164 and ΔaphC mutants were constructed using a sacB counter selection system (van der Geize et al., 165 2007). Five hundred bp flanking regions of RHA1_RS18785 and RHA1_RS18750 were 166 amplified from RHA1 genomic DNA using the primers listed in Supplementary Table 1. The  167 resulting amplicons were inserted into pK18mobsacB linearized with EcoR1 using Gibson 168
Assembly. The nucleotide sequences of the resulting constructs were verified. Kanamycin-169 sensitive/sucrose-resistant colonies were screened using PCR and the gene deletion was 170 confirmed by sequencing. 171
Enzyme production and purification
172
The production and purification of AphAEP4, AphB EP4 We used transcriptomics to identify 4-ethylphenol catabolic genes in EP4 without a priori bias. 250
Transcriptome reads were aligned strand-wise to predict transcriptional start sites in the EP4 251 genome (Figure 2A ). Read alignment is a common but time-consuming step in prokaryotic 252 RNA-Seq pipelines (Supplementary Figure 1A) . We therefore compared quasi-mapping to 253 genomic coding regions using Salmon (Patro et al., 2017) with alignment-based read counting 254 software. Salmon results were numerically (Supplementary Figure 1B) and statistically 255 equivalent (padj = 0.21) (Supplementary Figure 1C) to FeatureCounts, with strong correlation to 256 RT-qPCR expression (R 2 adj = 0.91, p < 0.001) (Supplementary Figure 1D ). Salmon was about 257 eight times faster than FeatureCounts, and superior to htseq in terms of total counts and 258 accuracy, and was therefore used for gene quantification prior to differential expression analysis 259 using DESeq2. 260
Transcriptomic analysis of 4-ethylphenol metabolism via meta-cleavage 261 Growth on 4-ethylphenol versus succinate significantly modulated expression of 559 genes with 262 pfdr < 0.001. Nine of the 16 most upregulated genes occurred in a cluster encoding a proposed 263 alkylphenol catabolic pathway, aphABCDEFGHIQRS (Table 1) . This cluster includes aphAB, 264 encoding a two-component alkylphenol hydroxylase discussed below, and aphC ( Figure 2B ), 265 encoding an extradiol dioxygenase that we subsequently identified as alkylcatechol 2,3-266 dioxygenase. The gene cluster is organized as four putative operons based on transcriptomic data 267 and operon prediction with BPROM: aphAB, aphHIDE, aphE2FGS, aphG2H2I2 (Figure 2A ). 268
The deduced Aph pathway catabolizes 4-ethylphenol to pyruvate and butyryl-CoA ( Figure 2C The catABC cluster encoding catechol 1,2-dioxygenase and other enzymes feeding into the β-278 ketoadipate pathway was also significantly upregulated during growth on 4-ethylphenol), 279 although much less highly than the aph genes. No ortho-cleavage metabolites were detected in 280 the culture supernatants ( Figures 1D) , and the genes encoding the downstream β-ketoadipate 281 pathway, pcaBLIJ, were not up-regulated ( Figure 2B ). Overall, the data suggest that 4-282 ethyphenol is catabolized via meta-cleavage. 283
Characterization of a two-component akylphenol hydroxylase, AphAB

284
We hypothesized that the highly upregulated aphA gene (L2FC = 11.5) encodes the oxygenase 285 component of a novel alkylphenol monooxygenase, based on its location within the aph cluster 286 as well as the phylogenetic and functional data presented below. The aphB gene, encoding a 287 flavin reductase was co-transcribed with aphA ( Figure 2B ). The upregulation of aphA and aphC 288 genes in EP4 during growth on 4-ethylphenol was confirmed using RT-qPCR (Supplementary 289 Figure 3 ). 290
To establish the physiological role of AphAB from EP4, the oxygenase and reductase 291 components were each overproduced in E. coli and purified to apparent homogeneity. The 292 reconstituted AphABEP4 hydroxylated 4-ethylphenol to 4-ethylcatechol ( Figure 3A ). The enzyme 293 15 also catalyzed the hydroxylation of 4-methylphenol, 4-propylphenol ( Figure 3B ) and, to a much 294 lesser extent, 4-NP ( Figure 3C ). However, AphAB EP4 did not detectably transform phenol 295 ( Figure 3B ) or 4-HPA ( Figure 3C ). In an assay measuring cytochrome c reduction, AphB EP4 296 preferentially utilized NADH and flavin adenine dinucleotide (FAD) ( Figure 3D was annotated based on sequence similarity to known phenol hydroxylases ( Figure 3E ). In 307 support of this annotation, EP4 lacks a 4-NP catabolism gene cluster and was unable to grow on 308 4-NP, while it did grow on phenol (discussed below). PheA EP4 shares 82% identity with 309 Table 4 ; Supplementary Figure 4 ). These similarities suggest that PheAEP4 312 may have broad substrate specificity. 313
In EP4, genes encoding AraC-family transcriptional regulators (TR) were found directly adjacent 314 to and in the opposite orientation as aphAB and pheAB ( Figure 2A ) (Supplementary Figure 5) . 315
These AraC-family TRs were annotated as AphR and PheR, respectively. Another AraC-family 316 16 TR is encoded by a gene immediately downstream of aphR, which has a distinct phylogeny from 317 AphR (Supplementary Figure 5) and was annotated as AphQ. Finally, an IclR-family TR is 318 encoded by the last gene of the aphE2FGS operon. 319
Syntenic conservation of EP4 aph gene cluster in rhodococci 320
The above comparative analyses of hydroxylase proteins revealed homologs of the EP4 aphA 321 gene in several other rhodococci. In RHA1, a putative aphA gene (Table 1) Because RHA1 is genetically-tractable, we constructed ΔaphA and ΔaphC deletion mutants and 341 used these together with an existing ΔpcaL mutant to further investigate 4-ethylphenol 342 catabolism. The ΔaphC mutant did not grow on either 1.0 mM 4-ethylphenol or 4-propylphenol 343 ( Figure 5AB ) demonstrating that both compounds are exclusively metabolised by meta-cleavage. 344
However, ΔaphA did grow on 4-ethylphenol ( Figure 5A ). It appears that one or more of three 345
PheA homologs from RHA1 may catalyze 4-ethylphenol hydroxylation and compensate for the 346 deletion of aphA. While the corresponding pheA genes were not upregulated in wild-type RHA1 347 growing on 4-ethylphenol versus succinate, they were upregulated 7.6 to 8.8 L2FC in the ΔaphA 348 mutant ( Figure 5B ), while the plasmid-borne C23D gene was not upregulated. Finally, the ΔpcaL 349 mutant grew on alkylphenols but did not grow on either phenol or 4-HBA, indicating that the 350 latter two substrates are catabolized solely via ortho-cleavage pathways ( Figure 5C ). 351
Identification of a putative aph genomic island More generally, 7.4% of the EP4 genome and 9.2% of the RHA1 genome were predicted to 364 occur on GIs ( Supplementary Table 2 ). 365
Analysis of 37 complete, full-length Rhodococcus genomes found that 16 carried genes encoding 366 a complete Aph pathway. The aph genes are predicted to be fully or partially contained in a GI in 367 six of these strains and to occur immediately downstream of a GI in a seventh, RHA1. This 368 genomic region was conserved in three Rhodococcus clades: one containing EP4 and R. 369 The Aph pathway is similar to the Dmp pathway described in Pseudomonas sp. strain CF600 397 (Shingler et al., 1992) . However, it is clear that the Aph pathway has a distinct substrate 398 specificity because neither EP4 nor RHA1 grew on 2,4-or 3,4-DMP ( Figure 4E ) and aph 399 pathway mutants grew on phenol. We had previously suggested that some of the aph genes could AphCRHA1, the enzyme was identified as 2,3-dihydroxybiphenyl dioxygenase (Table 1) (Figures 2,4) . Further, 428 these were the second and third most highly upregulated genes in EP4 during growth on 4-429 21 ethylphenol versus succinate (both L2FC = 11.1) ( Figure 2B ). The P450 shares 65% sequence 430 identity with a guaiacol O-demethylase (Mallinson et al., 2018) , suggesting that the rhodococcal 431 enzyme has a similar role, and that these strains may also funnel methoxylated compounds into 432 the Aph pathway. 433
The ability of RHA1 and EP4 to catabolize 4-ethylphenol and other alkylphenols is of potential 434 use in upgrading lignin streams generated by RCF and other depolymerization strategies. The 435
Aph meta-cleavage pathway harboured by these strains contrasts with the ortho-cleavage 436 pathways targeted to date in the design of biocatalysts for lignin valorization ( the Aph pathway to produce lipid-based commodity chemicals (e.g., Round et al., 2017) offering 444 a method for valorization of alkylphenols via fatty-acid synthesis in this genus. 445
We found genes encoding the Aph pathway in several Rhodococcus strains, including oleaginous 446 strains such as RHA1 and R. opacus B4 ( Figure 3A, Figure 4 ). However, the absence of an aph 447 cluster in most R. rhodochrous strains (e.g., DSM43241) demonstrates that phylogenetically- In this study we described a newly-isolated, 4-ethylphenol-catabolizing strain, EP4, a novel 462 alkylphenol hydroxlase, AphAB, and its role in funneling alkylphenols into the Aph meta-463 cleavage pathway in some Rhodococcus strains. We showed that this pathway is associated with 464 putative GIs, primarily found in strains from contaminated soil environments. Characterizing 4-465 ethylphenol metabolism in EP4 and RHA1 advances our capacity for bio-refinement of 466 reductively depolymerized lignin subunits from sustainable chemical feedstocks. 467 
